iNtrodUCtioN
The goals of the contribution are to briefly describe the features of multi-zone models of combustion and heat transfer processes in spark ignition engines along with a generator of geometrical characteristics, and to present the first results of various simulation tools. The outputs of a multi-zone model were used in the higher level simulation of a reciprocating internal combustion engine cycle. The connection of various models with different profundity and comprehensiveness can be helpful in cases where required input data are missing. The multi-zone model of combustion and heat transfer in conjuction with the generator of geometrical characteristics could be useful, in particular, at the early stage of the internal combustion engine development process, when the simulation results are based only on models of virtual engines. This paper presents a comparison of simulation results with the data measured on the real combustion engine. The results of the inverse and predictive form of the multi-zone model and the results of complex engine simulation in GT-Power, which utilizes the multi-zone model outputs, are discussed in the following paragraphs. The basic parameters of the spark ignition gasoline engine tested on the dynamometer are given in Table 1 .
ExPEriMENt aNd SiMUlatioN

ExPEriMENtal rESUltS
The mentioned combustion engine has in the past been comprehensively tested at the Josef Božek Research Centre [7] , [8] . The engine has been run on common unleaded gasoline Super 95. The measured steady state operating points cover the complete engine characteristics. The values of brake mean effective pressure, air excess (lambda) and friction mean effective pressure are given in Figure 1 and Figure 2 . The substantial experimental results including measured cylinder pressure were used in the calibration process of the models. The real shape of the combustion chamber of the tested engine is taken as an input parameter for the inverse form of the multi-zone model.
MUlti-zoNE ModEl
A zone model is a relatively simple method of modeling of the thermodynamic processes in an internal combustion engine. The model consists of a geometrical estimation of the flame surface along with the rate of heat release [10] . The combustion chamber is divided into n zones in the case of a multi-zone model. The zones can touch each other or a border. Mass or heat can be exchanged between zones or between the zone and the surroundings of a combustion chamber. The equation system is based on the conservation of mass and energy and the state equation. The total volume of a combustion chamber, which is a function of piston position, is equal to the sum of the individual zone volumes. The combustion chamber is divided into the three zones by the flame front borders with a spherical surface in the case of a three-zone model. Zone 1 consists of the fresh fuel-air mixture and residual gases from previous engine cycle given by residual gases coefficient. Zone 2 consists of components from zone 1 and products of the combustion process in the current zone. Zone 3 contains only the products of combustion. The pressure in the cylinder is identical for all zones. The temperature of each zone is different. The mixture of ideal gases is considered in all zones. The mass changes of components are based on various principles. The mass transfer across zones is described by turbulent entrainment. This mechanism provides the transfer of a mixture into the flame front and the products of combustion out of the flame zone. The ideal oxidation of a fuel occurs in the flame zone. The chemical equilibrium establishment takes place in cases of afterburning processes in the flame front and combustion products zone. The mass flow rates across the zones depend on the turbulent flame velocity, which is corrected by the turbulent coefficient. The chemical transformation of fuel-air mixture into the products of combustion is formed by combination of many chemical reactions with various reaction rates. The current multizone model utilizes the advanced method for determination of chemical composition changes for complicated chemical systems. The procedure is based on the combination of the kinetic scheme and the method of chemical equilibrium. The computation begins with the kinetic scheme. The problematic reactions with too high reaction rate values are excluded and calculated by the method of chemical equilibrium [3] , [4] . The geometrical characteristics define volumes, borders and heat transfer surfaces. These characteristics are defined by the dependence between a geometric element and the three independent variables, crank angle, and forward and backward spherical border surfaces. The total volume of a combustion chamber, volume of each zone, area of border a surface between zones, areas of heat transfer between a zone and inlet valve, exhaust valve, piston, cylinder head and cylinder liner, which is divided into eight areas, are taken into account in the mentioned multi-zone models. The desired outputs of both forms of the zone model are the plots of the burned fuel fraction and the heat release fraction. The burned fuel fraction is defined as a subtraction of initial fuel mass and sum of fuel masses in all zones divided by the initial mass of fuel. The heat release fraction is defined as a sequential production of heat, normalized by the maximum heat gain according to the initial mass of fuel and its tabulated lower calorific value. The burned fuel fraction plots are utilized by the GT-Power model. The robustness of the zone model lies in the simple physical description of the flame propagation in the combustion chamber. An example of a zone propagation is given in Figure 3 . The experimental data, results of the inverse multi-zone model with the real geometry and the results of the predictive form of the model using the virtual combustion chamber geometry are compared on the following pages.
iNVErSE ForM oF zoNE ModEl
The inverse form of the multi-zone model has been used to obtain the dependence of burned fuel fraction on crank angle. The real geometry of a combustion chamber of the measured engine has been used ( Figure 4 ). The aim of the inverse form of the multi-zone model is to achieve the same cylinder pressure trace as in the case of the measured cylinder pressure during experiments. The pressure traces can be seen in Figure 5 . The result depends on the value of the turbulent coefficient, 
gEogEN -gENErator oF gEoMEtriCal CHaraCtEriStiCS
The GeoGen is the parametric generator of geometrical characteristics of the combustion chamber. The GeoGen in conjuction with the predictive form of the multi-zone model may be helpful for estimation of promising variants at the beginning of a project. The available types of cylinder heads and pistons of the current generator are shown in Figure 7 . The ability of the GeoGen to create the relevant combustion chamber geometry has been tested on the example of the mentioned spark ignition engine. The requirements on the model were: bore and clearance volume consistent with the real measured engine, two valves per cylinder and a simple piston shape. The combination of cylinder head type H3 and piston type P2 was selected and the geometrical characteristics were generated for this combination. The shape of the virtual combustion chamber is shown in Figure 8 . 
PrEdiCtiVE ForM oF zoNE ModEl
The predictive form of the multi-zone model may be a worthwhile simulation tool at the early stage of an internal combustion engine development. The contribution of the model lies in the preliminary layout of the combustion chamber, spark plug position, prediction of the rate of heat release and perhaps even the knock resistance of the engine. The predictive zone model may become an alternative simulation method for the high-pressure part of the engine cycle. The connection of the model with higher level simulation, such as GT-Power [2] , is worth considering. The initial conditions and required tuning parameters of the predictive three-zone model were assumed from the inverse form of the model. The most important tuning parameter was the turbulent coefficient. The predictive form of the multizone model uses the virtual combustion chamber shape generated by GeoGen (Figure 8 ). The comparison of the cylinder pressure traces (measured pressure -black, output of inverse model -blue and output of predictive modelpurple) is shown in Figure 9 . The burned fuel fractions are displayed in Figure 10 .
ENgiNE ModEl
The detailed model of the measured 3-cylinder spark ignition gasoline engine was built in GT-Power and calibrated using the experimental data and the results of the inverse and predictive forms of the multi-zone model. The GT-Power simulation utilizes the traces of the burned fuel fraction generated by the zone model as an input data for the user model of combustion. The model uses the fuel with the lower heating value 41.8 MJ/kg. The values of air excess (lambda) in all models were the same as measured in experiments. The important geometrical data and layout of the essential engine parts were obtained by the measurement of the real engine and inserted into the mathematical model. The valve lifts, flow discharge coefficients and the layout of the combustion chamber were available. The model of mechanical losses uses the values of friction mean effective pressure, evaluated during the experiments, directly without any extrapolation or interpolation of the data. The pressure upstream of a catalytic converter model has been calibrated to provide reasonable accordance with the experimental values. The finite element model was applied for calculation of the combustion chamber temperatures. The combustion model includes the crank angles of the combustion beginning of each engine operating point and the corresponding dependences of the burned fuel fraction on crank angle. All available data are entered directly into the solver. Two versions of the model have been built. The first version is based on the results of the inverse form of the multi-zone model, which uses the real geometry of the combustion chamber and experimental data. The second version utilizes the results of the combustion process of the predictive model based on the geometrical characteristics generated by GeoGen. The measured values, results of the GT-Power simulation with the traces of burned fuel fraction from the inverse model and from the predictive model are compared in the pictures. The comparison of the brake mean effective pressures of all operating points is shown in Figure 11 , the measured values (black), the simulation with the data from the inverse model (red) and the simulation with the data from the predictive model (green). The brake specific fuel consumption values are given in Figure 12 and the maximum pressures of the engine cycle are given in Figure 13 . The difference in values of maximum cylinder pressure at the two highest load and speed points is caused by the in-cylinder heat transfer model. The applied Woschni heat transfer model is not totally suitable in the case of the natural aspirated spark ignition engines. Simulation with the Eichelberg formula will be performed in the future.
The heat release fraction traces are compared in Figure 14 . There are plotted the outputs of the inverse zone model (blue), the predictive zone model (purple), the simulation based on the inverse form (red) and the simulation based on the predictive form (green). The cylinder pressure traces are shown in Figure 15 and the corresponding p-V diagram is displayed in Figure 16 .
CoNClUSioN
The goals of the paper were to present the main features of multi-zone models of combustion and heat transfer processes in spark ignition engines and to show the results of various simulation tools compared with the experimental data. The inverse form of the multi-zone model is suitable for model calibration, which utilizes the measured cylinder pressure and the real geometry of a combustion chamber of the tested engine. The GeoGen is the parametric generator of geometrical characteristics of an arbitrary combustion chamber. The ability of the predictive model in conjuction with the GeoGen has been tested and verified on the example of the mentioned real combustion engine. The predictive zone model is based on the generated virtual geometrical characteristics and the calibration coefficients from the inverse form of the model. Both versions of the zone model have been used to determine the dependence of burned fuel fraction on crank angle of all operating points of the engine. The results of the inverse and predictive forms of the multizone model and GT-Power detailed simulations, which utilize the zone model outputs -the traces of burned fuel fractions, were compared with the experimental data. The predictive form of the multi-zone model along with the generator of geometrical characteristics -GeoGen may be a worthwhile simulation tool, in particular at the early stage of an internal combustion engine development. The contribution of the model consists in the preliminary layout of the combustion chamber, spark plug position, prediction of the rate of heat release and perhaps even the knock resistance of the engine. The zone model potential is also in the prediction of emissions production by virtue of information about the local 
